. Variation of equiaxed zone with superheat of liquid steel in continuously cast high carbon steel billets.
Introduction
High carbon steel tends to solidify over a wide temperature range during casting due to large solidification range (i.e. difference between the liquidus and the solidus temperatures). Size of the mushy zone is relatively large, causing macrosegregation and porosity defects in those grades of steel. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] During casting of alloys the solidifying dendrites reject dissolved elements continuously at the solidification front due to less solubility of solutes in the solid phase as compared to liquid phase, leading to gradual enrichment of remaining liquid with progress of solidification. Freezing of such solute enriched liquid in the interdendritic spaces leads to microsegregation in casting, and it generally does not constitute a major quality problem since microsegregation can get reduced during subsequent soaking and hot working operations. Macrosegregation, on the other hand, refers to non-uniformity of chemical composition over a macroscopic or larger area in the cast section, and considered more harmful than microsegregation. In general, the overall level of segregation in continuously cast (CC) products is lower than that typically observed in conventional ingots along both transverse and longitudinal directions. 2, 9) However, the level of segregation along the centerline of CC products can be more pronounced than that in ingots. This defect is called centerline macrosegregation, and is known to be the prime cause of subsurface cracks and porosity in the continuously cast products. Due to its macroscopic size, the desired level of chemical homogeneity cannot be obtained even after prolonged heat treatment. The heavily segregated regions persist at each of downstream processing stages, giving rise to inconsistent transformation products during subsequent hot working of cast sections leading to large variations in mechanical properties in the finished products. The presence of proeutectoid cementite in the pearlite matrix of continuously cast high carbon steel has been attributed to the centerline segregation of carbon. Highly segregated regions of carbon and manganese are prone to martensitic transformation even at the moderate cooling rates, leading to cup andcone type failure during downstream deformation processing or premature failure of finished products in service. [5] [6] [7] [8] 11) Morphology of the cast structure plays a very important role in macrosegregation. Thermal fluctuation at the solidification front facilitates some of the columnar dendrites to grow preferentially and advance up to the center of the cast section to form bridges, giving rise to the phenomenon of mini-ingots particularly, when high carbon heats are cast in narrow sections (billets, blooms) at high superheats and higher casting speeds. Formation of mini-ingot is associated with higher centerline segregation, cracks and porosity in cast sections. [4] [5] [6] [7] Therefore, larger the columnar structure greater would be the degree of centerline segregation. Equiaxed crystals in sufficiently large numbers must be present in the liquid phase in front of the advancing colum-
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nar grains to arrest their growth and to prevent the formation of solidification bridges. Unlike columnar dendrites, equiaxed crystals are free or unattached dendrites with no specific growth direction. Therefore, they tend to redistribute the residual impure liquid rejected by the solidifying dendrites uniformly throughout the mushy zone, and thereby minimize the build up of segregation. That is why, an early columnar-to-equiaxed transition (CET) i.e. a wider equiaxed zone at the core of the cast section has been found to be beneficial in controlling centerline segregation.
It may be noted here that due to the presence of several complex physical phenomena resulting in final segregation pattern in as-cast products, quantitative prediction of macrosegregation for industrially relevant casting processes is extremely difficult. Both experimental studies and numerical simulation exercises carried out by researchers in the past have contributed a lot in enhancing the understanding of basic mechanisms of alloy solidification and segregation phenomena. 2, 3, 13) However, most of the studies are with reference to ingot casting, sometimes unidirectionally solidified. Although some attempts to quantify the morphology of the cast structure and macrosegregation pattern in continuous casting situation have been reported, 1, 14, 15) a systematic study addressing this extremely significant issue in an industrial scale, continuously cast high carbon steel billets is yet to be found in the literature.
In the present work, solidification behavior of continuously cast high carbon steel billets (without electro-magnetic stirring) from the continuous casting shop of Tata Steel, India, has been investigated with an objective of improving the product quality through optimisation of casting parameters. Tata Steel has two curved mold, 6 strand billet casters. High carbon steel billets (125 mm square) are cast in caster-1. Characteristics of morphology and centerline segregation have been investigated in several billet samples collected from the plant and correlated with the operating parameters of the caster. An attempt has been made to study the effectiveness of secondary cooling by measurements of the secondary dendrite arm spacing (SDAS) at various locations in billet samples. Finally, a simple approach has been suggested to correlate the degree of segregation for various constituent elements of the steel alloy and applicability of a simple segregation model has been tested.
Experimental Procedure
The present study involves the following activities:
• collection of CC high carbon billet samples and corresponding casting data • evaluation of segregation pattern by sulphur printing • macrostructural examination of samples • determination of the degree of segregation of carbon, sulphur, phosphorus and manganese • measurement of dendrite arm spacing at various locations of the billet sections • correlation among the degree of segregation All billet samples were collected from a particular strand of the caster-1 in order to eliminate the influence of strand variability. Casting speed in all case was almost constant (around 2.5 m/min). During sample collection, liquid steel temperature was measured in the tundish and corresponding billet samples were collected. For each heat 2-3 samples of approximately 20 cm in length were collected from the beginning, middle and towards the end of the casting to assess the influence of superheat. Specifications of some of the billet samples are shown in Table 1 . Transverse and longitudinal sections of each billet samples were examined for the morphology and segregation. About 15 mm thick transverse slice was cut from one end of the billet sample and the remaining 160-180 mm length was employed for the investigation in the longitudinal direction. Since continuous casting commonly exhibits fluctuating solidification profile along the casting direction, 11) longitudinal samples must be of adequate length; otherwise, various features of centerline segregation may not be captured properly, if not lost altogether. Longitudinal sections were obtained by slicing the billet samples along their geometrical axis with minimum amount of material loss. After cutting, all samples were subjected to fine grinding and polishing to obtain a smooth surface finish. Dirt and oil from the surfaces were removed by acetone. Baumann sulphur print was employed for revealing the segregation pattern in the billet sections. Various features of casting viz., columnar bridges, segregation pattern, size of segregation spots, shrinkage porosity etc., revealed in the S-prints were examined visually as well as using an image analyzer. After S-printing billet samples were etched with warm 50 % hydrochloric acid-water solution for revealing the macrostructure. After macroetching samples were examined under the magnascope (magnification 5ϫ) and all visible macrostructural features such as nature and area fraction of chill, columnar and equiaxed zones in the cast structure were recorded.
Quantitative measurement of macrosegregation i.e. segregation profile can only be obtained by the chemical analysis at different locations of the billet sections. Traditionally, segregation has been determined by the chemical analysis of drill samples. 8, 11) However, its reliability depends upon selection of the appropriate drill size. 8) Drill size must closely match with the actual size of the segregation spots in the cast section, otherwise erroneous results would be obtained. Now-a-days, newer and more sophisticated evaluation techniques are available and have become quite popular. 16, 17) However, in the present work, samples for chemical analysis were obtained by the conventional drilling technique where the appropriate drill size was selected on the basis of the average size of segregation spots observed in the S-print. Drill intervals along the billet axis were also decided on basis of observed segregation profiles in the Sprints of the longitudinal section. Samples for chemical analysis were obtained by drilling billets samples using a 4.5 mm diameter drill up to a depth of approximately 5 mm. In order to generate sufficient amount of samples for the chemical analysis, drill samples were collected from the identical locations of the two halves of the longitudinal sections. In transverse section drill samples were collected in a grid pattern at an interval of 10-12 mm and the samples from four identical locations from the center were mixed to generate sufficient amount of samples. Chemical analyses of C and S in all samples were carried out in the Leco carbon and sulphur analyzer, whereas, P and Mn were analyzed by the wet chemical methods in few cases.
For measurement of dendrite arm spacing (DAS) metallographic samples were cut from the billet section at an interval 5-10 mm from the surface to the center of billets. Samples were collected from all identical locations of billet cross-section to study the variation of DAS across all faces. Samples were polished, etched and examined in the image analyzer. On an average, 50 measurements have been recorded for each location and average DAS was reported.
Results and Discussions
Morphology of Cast Structure
Superheat of liquid steel greatly influences the morphology and extent of macrosegregation in cast products. Tundish superheat (DT) is defined as: :
Macrostructural examination revealed chill, columnar and equiaxed zones in the marcoetched billet sections. In general, the chill zone was found to be non-uniform across all faces of the billets and its thickness varied from 3 to 8 mm. Equiaxed zone was mostly asymmetric around the billet center. Asymmetric equiaxed growth is a characteristic of curved mold continuous casters. Billets cast at higher superheats showed predominant coarse columnar structure, whereas those cast at low super heats had large equiaxed zone. Figure 1 presents variation of equiaxed zone ratio with tundish superheat. Equiaxed zone ratio in Fig. 1 represents fraction of the billet cross-sectional area covered with equiaxed zone. It is evident, equiaxed zone decreases with increase in superheat of liquid steel.
Some of the general observations of macrostructural examination of billet samples are presented in Table 2 . Sulphur prints shown in Figs. 2 and 3 present variation of segregation pattern with decreasing superheat. It can be seen that the billets cast above 21°C superheat (Figs. 2(a) and 2(b)) are marked by the periodic columnar bridges and mini-ingots with characteristic U type appearance in the S prints. The frequency of U bands in the sulphur prints, measured in terms of bridge interval (i.e. distance between two bridges), decreased with decreasing superheat of liquid steel. The bridge interval in billet samples varied from 25 to 84 mm. Maximum bridge interval was observed in billets cast at 47°C superheat ( Fig. 2(a) ), while in billets cast at 21°C superheat (Fig. 3(a) ) there was no significant columnar bridge. As stated earlier, columnar bridge formation is a consequence of growth instability due to thermal fluctuations at the solidification front. During high superheat casting, extent of thermal fluctuations is expected to be more, causing growth instability to occur quite early during solidification which gives rise to a relatively large mini-ingot in the cast billet. Just below the bridge, shrinkage cavities were present. Cavities or pipes form due to inadequate filling of the melt in the spaces created by the solidification shrinkage, particularly, during the final stage of solidification. All billets cast above 21°C of tundish superheat contained prominent shrinkage cavities of varying dimensions. Diameter of cavities varied from 5 to 9 mm and its length varied from 14 to 40 mm in various billet samples. The largest cavity has been observed in the sample cast at 47°C of tundish superheat. In low superheat samples (Figs. 3(a) and 3(b)) equiaxed structure was prominent, and only fine porosities of a few millimeter diameter were present.
Macrosegregation Patterns
Figures 2 and 3 present sulphur prints of the longitudinal billet sections cast at various superheats. Prominent centerline segregation is evident in Figs. 2(a) and 2(b) . The extent of segregation was more pronounced around the shrinkage cavities as compared to other locations (Fig. 2) . The width of macrosegregated regions has a significant bearing on the extent of homogenization or elimination of segregation during the subsequent hot rolling of billets. Larger the size of segregated region more difficult would be to achieve homogenization. The width of segregated regions in samples has been measured using an image analyzer. The width of macrosegregated regions ranged between 3.4 to 17 mm (Table 2) . In all billets with predominantly columnar structure the average width of the segregated region was around 6-10 mm.
The extent of segregation commonly known as degree of segregation, is given as: where C i ϭconcentration of solute i at the location under consideration, and C i0 ϭnominal concentration of solute i.
As mentioned earlier, the degree of segregation of C, S, P, and Mn was determined from the chemical analyses of drill samples collected from the various locations of the transverse and the longitudinal billet sections. Influence of superheat on the segregation pattern and the segregation profile of some of the billet samples are shown in Figs. 2 and 3 along with their sulphur prints. It is evident that the longitudinal segregation profiles exhibit fluctuations between maximum and minimum degree of segregation. The extent of fluctuation is more and degree of centerline segregation is high in the billets cast at higher superheats (Figs. 2(a) and  2(b) ). Prominent centerline segregation spots and U bands were observed in those billets. The degree of segregation tends to decrease with decreasing superheats (Figs. 3(a) and  3(b) ). U band was practically absent in billets cast below 23°C superheat and V-lines started appearing below this superheat. Superheats around 21-23°C appeared to be a transition point for the segregation patterns from the centerline U-bands to the off centered V segregation. The most prominent V segregation can be observed in sample 1C for which superheat was around 9°C (Fig. 3(b) ). Actually, V-segregation consists of several interconnected and isolated segregation spots. Sample 1C had the largest equiaxed zone amongst all the samples and the lowest degree of centerline segregation was observed in this sample. In fact, higher negative segregation was observed at the center of the sam-ple 1C. Though the width of segregation spots along the Vline of sample 3C was only 3.3 mm, the maximum degree of segregation for C and S in these spots was quite high and comparable to that of centerline segregation observed in sample 3A cast at higher superheat. Therefore, in billets with predominantly equiaxed structure centerline segregation was found to be replaced by off-centered V segregation line/bands. However, due to small size of segregation spots, V segregation is commonly not considered harmful for the less critical grades of steel.
Maximum degree of segregation of C, S, P and Mn was found to be 1.9, 2.64, 1.99 and 1.25 respectively. The maximum or peak segregation in the billets has been considered as an index of quality which would indicate the impact of segregation on the performance of the wire rod produced from these billets during the wire drawing operation or the wires during service. The maximum segregation of C has been correlated to the area percent of equiaxed zone in billet samples and is shown in Fig. 4 . It is evident that the maximum degree of segregation tends to decrease with increase in equiaxed zone (Fig. 4). 
Dendrite Arm Spacing (DAS)
The chill, columnar and equiaxed zones observed in the macrostructure of billet samples are shown in Fig. 5(a) . Fine structure of the chill zone is a characteristic of rapid solidification of liquid steel at the meniscus. Beyond a short distance from the surface, rapid coarsening of columnar dendrite occurs owing to reduced heat extraction from the surface. Towards the center, a fully equiaxed structure is observed. In almost all samples about 6 to 10 mm thick mixed columnar-equiaxed region was observed, indicating that the columnar to equiaxed transition was not sharp. The rounded features of the equiaxed structure are the sections of secondary dendrite arms (Fig. 5(a) ). Interdendritic porosities present in the equiaxed structure are the result of contraction associated with the solidification of residual liquids dispersed within the structure. Coalescence of such pores and solidification shrinkage during later stages of solidification may cause porosity at the core of a cast section. zone SDAS is approximately 5 mm. The SDAS increased and reached approximately 205 mm at a distance of about 50 mm under the surface and beyond that, it decreased, and finally attained a value of about 115 mm in the central equiaxed zone. The initial increase in SDAS is due to reduced cooling at the exterior surfaces of the billets in the secondary cooling zone. The measured SDAS value varies over a wide range of 137 to 187 mm at a distance of about 50 mm from the billet surface (Fig. 5 ). In the chill and equiaxed regions the variations were comparatively small. In addition, SDAS varied by 30-50 mm at identical locations on different sides of the billets, which indicated unstable and non-uniform heat extraction from the billet surfaces during casting. Besides the change in cooling rate, carbon enrichment of liquid and change in mobility of dendrites may also have an influence on the size distribution of dendrites in the equiaxed zone. This possibly explains the decrease of SDAS in equiaxed zone. Cooling rate (e) during solidification is related to secondary dendrite arm spacing (l s ) as: where a and n are constants and the cooling rate (e) is expressed in K s
Ϫ1
. Jacobi and Schwerdtfeger 18) proposed the values of constant aϭ109.2 and exponent nϭ0.44, and modified Eq. Using Eq. (5) and the measured secondary dendrite arm spacing ( Fig. 5(b) ), cooling rate at 50 mm from the surface is estimated to be around 0.24 K s
. Smaller the SDAS at the center, the finer is the equiaxed structure and the lower the extent of segregation due to the reduced permeability of the mushy zone. According to literature, with sharp cooling the maximum value of l s can be 140 mm 19) and with inmold electromagnetic stirring l s would be 120 mm. 4) Compared to these, SDAS in the present case is significantly higher, indicating that the billets produced in the conventional casters (as in the present study) generally have coarser structure as compared to those produced with sharp cooling or electromagnetic stirring. Consequently, less compacted equiaxed zone and high degree of centerline segregation were observed in the present case. Hence, the degree of segregation (r i ) of various solutes at a given location would not be the same, but due to some common factors, some correlations among them can be expected. In Fig. 6 degree of centerline segregation of S, P, and Mn have been plotted against that of C for high carbon steel billets produced at Tata Steel. In spite of considerable scatter in the data, linear relationship among the degree of segregation of these elements is evident from Fig. 6 . With this approach the degree of segregation of C, S, P, and Mn can be determined by knowing the segregation level of one of them.
In addition to this, an attempt has been made to see how simple segregation models can be utilized to predict the extent of macrosegregation during continuous billet casting. Due to scatter in the plant data, which is usual in these studies, objective has been to attempt gross comparisons only. It may also be pointed out here that segregation equation is applicable to simple situations such as plane front solidification or at best for dendritic solidification as encountered during columnar growth of crystals. However, a selective judicious application to centerline is not ruled out.
Applicability of simple model has been tested with data of centerline segregation of all high carbon steel billets considered in the present work. Due to relatively faster rate of solidification in continuous casting, equilibrium solidification model is hardly applicable. 14) Other models include, Scheil equation, modified Scheil equation and Burten's equations. In the Scheil equation the degree of segregation of solute elements has been correlated to the fraction of solidification ( f S ) and the equilibrium partition coefficient (k i ) as follows: It is evident from the above equations that the modified Scheil equation (Eq. (7)) would also give the same kind of correlations as in Eqs. (9) to (12) . From Eqs. (10)- (12) it is clear that if Scheil equation is applicable to the macrosegregation during continuous casting, linear relationship should be obeyed by the plant data. Using Eqs. (10) to (12) relationships between the degree of segregation of C, S, P, and Mn have been determined. As mentioned already, macrosegregation is a complex phenomenon originating from redistribution of solute elements between solid and liquid phases coupled with movement of segregated liquid due to flow induced by solidification shrinkage, natural and solutal convections as well as deformation of solid phase (bulging) during casting. Therefore, simple segregation models would not be applicable to the centerline segregation in the continuously cast products. However, over a small segregated region such as spot segregation, Scheil equation has been applied in some of the previous works. Sakai et al. 21) have adopted an approach similar to the present investigation and applied Scheil equation in the analysis of semi-macrosegregation spots in slab. They have reported a reasonable agreement between the model prediction and the experimental data of P and Mn segregation in the macrosegregation spots in slabs. Table 3 presents the values of equilibrium partition coefficients of solute elements used in calculations. 7) Comparison between the measured and the Scheil model predicted degree of segregation of C and S is shown in Fig. 7(a) . Figure 7(b) presents the same for the C, P and Mn segregation.
In spite of scatter, reasonable agreement between the plant data and the Scheil model is evident from the figure.
Conclusions
Present study has been undertaken to investigate the morphology and segregation characteristics of continuously cast high carbon steel billets from the continuous casting shop of Tata Steel, India. Several billet samples were collected from the plant and experimental observations were correlated with the operating parameters of the caster. Fig. 7 . Applicability of Scheils equation for (a) centerline segregation of C and S, and (b) centerline segregation of C, P and Mn.
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